The American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) recently issued updated guidelines on human epidermal growth factor receptor 2 (HER2) testing by fluorescence in situ hybridization (FISH) in invasive breast cancers. In this study, we aimed to investigate the impact of the new recommendations on HER2 FISH interpretation in invasive breast cancers with immunohistochemically (IHC) equivocal results. 1810 breast cancer cases with IHC equivocal results were enrolled in this study between January 2012 and May 2019. Concomitant IHC was performed on the same tissue blocks detected by FISH testing. According to the 2018 guidelines, all the cases in ISH group 2 were categorized as HER2 negative; three of four cases in ISH group 3 were considered as HER2 positive, while the one scored IHC 1+ was reclassified as HER2 negative; Fifty-three previously ISH equivocal cases were redistributed into ten HER2-positive cases and forty-three HER2-negative cases. In conclusion, the utility of 2018 ASCO/CAP guidelines resulted in a slight decrease in HER2 positive rate, due to the reclassification of cases in ISH group 2 and group 4. The implementation of the new guidelines can reduce reflex FISH test and make the diagnosis of HER2 gene status more definitive.
equivocal HER2 ISH test result (designated as ISH group 4) 9 ? The diagnostic approach incorporates concomitant IHC review into ISH interpretation in ISH groups 2 to 4 to reach the most definitive HER2 status classification.
In this study, we retrospectively reviewed HER2 status in 1810 breast cancer patients with equivocal IHC results to assess the impact of these revised guidelines.
Materials and Methods
Case cohort. HER2 FISH results were collected from 1810 invasive breast cancer cases between January 2012 and May 2019. All cases were equivocal for HER2 IHC. Specimens included core needle biopsies, surgical excisions, and biopsy samples from metastatic sites. This research was approved by the Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University. The Committee waived the written informed consents for the data were analyzed anonymously. All experiments were performed in accordance with relevant guidelines and regulations.
IHC. Automated IHC for HER2 (Rabbit, clone 4B5; Ventana Medical Systems, Tucson, AZ) was performed on 4-um-thick tissue sections using an automated slide stainer, the Ventana Benchmark XT (Ventana Medical Systems). The results were interpreted according to the 2018 guidelines.
Fish. 4-um-thick tissue sections were deparaffinized, rehydrated, and immersed in distilled water for 40 min at above 90 °C. The slides were incubated for 18 min in protease solution at 37 °C. After dehydration with alcohol, a total of 10 uL HER2/CEP17 mixture probe (Jinpujia, Beijing, China) was added to the slides. The slides were then transferred to a hybridization oven (S500-24, Abbott molecular, USA). The procedure was as follows: denature at 83 °C for 5 min, and hybridization overnight at 42 °C. The second day, the slides were washed in preheated post-hybridization buffer, air dried and then counterstained with 15 μl DAPI. HER2 FISH signals were interpreted by one technologist (BW) and one pathologist (KS). Thirty nuclei from two non-overlapping areas were counted. When there was a conflict between the scores, another pathologist (XLW) would review the slide and reach the final result. The new guidelines were applied for the interpretation of FISH testing results.
Results
A total of 1810 cases were enrolled in our study. Most of the cases (n = 1478) were sampled from surgical excisions. Specimens from core needle biopsies (n = 139) and metastatic sites (n = 72) were much less common ( Table 1 ). According to the 2013 guidelines 10 , 318 cases with a HER2/CEP17 ratio ≥2.0 and ≥4.0 HER2 signals per cell (ISH group 1) were diagnosed as HER2 positive. 1406 cases with a HER2/CEP17 ratio <2.0 and <4.0 HER2 signals per cell (ISH group 5) were negative for HER2. There were 29, 4 and 53 cases in ISH group 2, 3 and 4 respectively. The positive rate was 19.40% (351/1810). Clinicopathological characteristics of the patients in each ISH group were summarized in Table 2 .
Reclassification of cases in ISH group 2. Twenty-nine (1.60%) cases fell into ISH group 2. Among them, twenty-five cases were sampled from surgical excisions, three from core needle biopsies, and one from lymph node metastasis ( Table 1 ). Most of the cases (n = 22) were scored as IHC 0/1+, and the remaining (n = 7) were assessed as IHC 2+ (Table 3) . After a repeat FISH reading in seven cases with IHC 2+, the results remained the same (Table 3 ). Based on the 2018 guidelines, all the cases in this group were categorized as HER2 negative.
Reclassification of cases in ISH group 3.
There were only four (0.22%) cases in ISH group 3, which were composed of two specimens from surgical excisions, one from lymph node metastasis, and one from core needle biopsy (Table 1) . Two cases were scored as IHC 2+, while the other two were interpreted as IHC 3+ and 1+ (Table 3 ). FISH results of IHC 2+ cases remained the same following recounting targeted FISH ( Table 3 ). The case scored IHC 1+ was from lymph node metastasis. Another block from its surgical excision was applied for further IHC confirmation and was also negative for HER2 (IHC 1+). According to the 2018 guidelines, three of four cases were considered as HER2 positive. The one scored IHC 1+ was reclassified as HER2 negative.
Reclassification of cases in ISH group 4.
Fifty-three (2.92%) of the 1810 cases fell into ISH group 4. Most of the cases (n = 35) were sampled from surgical excisions, followed by 14 from core needle biopsies and 4 from metastatic sites ( Table 1 ). The number of cases scored as IHC 0, 1+, 2+ and 3+ was 8, 21, 15 and 9 respectively (Table 3 ). For IHC 2+ cases, reevaluation of FISH was performed. The counts remained a HER2/CEP17 ratio of <2.0 with an average of ≥4.0 and <6.0 HER2 signals per cell in all the cases. Another block for each case was collected for further FISH testing. Only one case was turned out to be HER2 positive with a HER2/CEP17 ratio (Fig. 1 (Teng) , Fig. 2 (Teng) , Fig. 3 (Teng) , Fig. 4 (Teng)) ( Table 3 ). After implementation of the 2018 guidelines, ten cases were converted to HER2 positive and forty-three cases were diagnosed as HER2 negative.
Taken together, 4.6% (83/1810) of the cases had a different final interpretation by 2018 guidelines compared with 2013 guidelines, including 30 previously considered HER2-positive cases being categorized as negative, 53 www.nature.com/scientificreports www.nature.com/scientificreports/ previously ISH equivocal cases being redistributed into 10 positive cases and 43 negative cases. In total, 331 of the 1810 cases were positive for HER2, with a slight decrease in positive rate from 19.4% to 18.3% (Table 4 ).
Discussion
A good concordance rate between IHC and FISH test for HER2 in breast cancers has been reported [11] [12] [13] . As a result, in clinical practice, only those patients with IHC 2+ are referred for FISH analysis to determine the HER2 gene status in our institution. However, a small part of cases remain indeterminate for a HER2/CEP17 ratio of <2.0 with an average of ≥4.0 and <6.0 HER2 signals per cell which is defined as ISH equivocal in 2013 guidelines 10 . The aim of the 2018 recommendations is to update the guidelines to arrive at the most accurate designation of HER2.
The HER2 status in ISH group 2 is uncommon. Twenty-nine cases were included in this group, accounting for 1.60% of the present cohort (0.6% of all breast cancer cases), which was consistent with other reports [14] [15] [16] [17] [18] . Such cases were classified as HER2 positive according to the 2013 guidelines. Cases in this group were featured with low mean HER2 copy number and monosomy of chromosome 17 19 . Moreover, the clinical trials showed that trastuzumab therapy had no significant effect on the treatment of those patients in ISH group 2 9, 14 . As a result, the 2018 guidelines recommend a definitive diagnosis be rendered based on additional work-up. Zare SY et al. studied 18 cases with a HER2/CEP17 ratio of ≥2.0 but an average HER2 copy number of <4.0 signals per cell and demonstrated that 11 cases were HER2 IHC negative, 7 were IHC 2+, and none of them were positive (3+) 20 . Another research showed that of 35 patients with this ISH pattern tested by IHC, only 3 cases were IHC 2+ and none of them were IHC 3+ 14 . In parallel with these findings, our data also found that there was no case scored IHC 3+ in this group. So far as we know, only one case with HER2 IHC positive was reported in ISH group 2 21 .
There were only four cases in ISH group 3, with a lower incidence than other reports 15, 17, 21, 22 . A ratio of <2.0 can be attributed to the increase in both HER2 and control centromere signals. All the four cases in the present study had gain of chromosome 17 (CEP17 ≥ 3.0). A remarkable variability of IHC score for cases in this group was observed across different laboratories 14, [16] [17] [18] 21 . The positive rate of IHC ranged from 8.3% to 75%. Cases with IHC 0/1+ could also be identified. Similarly, our data showed that two cases were scored as IHC 2+, while the other two were interpreted as IHC 3+ and 1+. Owing to the limited number of cases enrolled in clinical trials, a definitive conclusion on whether the patients with this ISH pattern can benefit from HER2-targeted therapy cannot be reached. Considering the heterogeneity of HER2 IHC results, the 2018 guidelines recommend that cases with concurrent IHC score of 2+/3+ be categorized as HER2 positive.
Fifty-three cases were assigned as ISH group 4. Before the introduction of the 2018 guidelines, the patients with equivocal ISH results posed a challenge to oncologists of whether to recommend HER2-targeted therapy. Moreover, implementation of the 2013 guidelines resulted in the detection of more equivocal cases [23] [24] [25] . Some laboratories relied on alternative chromosome 17 genes as surrogate to deal with this issue, leading to a change in HER2 status from equivocal to positive in about 50% of patients 15, 26, 27 . Due to the presence of false-positive HER2 results and the absence of evidence in the therapy efficacy, this approach has not been recommended in the 2018 guidelines. In our study, after concomitant IHC review, 29 cases were scored as IHC 0/1+, 15 were IHC 2+ and figure) . Another tissue block was selected for further FISH testing in this case and it was turned out to be HER2 positive with a HER2 (red)/CEP17 (green) ratio of 2.19 and an average of 8.03 HER2 signals per cell. 
